Serotonin, a release product of activated platelets, stimulates proliferation and prostaglandin synthesis in cultured smooth muscle-like glomerular rat mesangial cells by activation of phospholipase and protein kinase C. To further characterize the signaling mechanisms used by serotonin, we monitored its effects on intracellular free Ca 2+ , pH, and membrane potential of cultured rat mesangial cells with sensitive fluorometric techniques. Activation of a 5-HT 2 receptor, blocked by the specific receptor antagonists ketanserin and ritanserin, triggered immediate discharge of intracellular Ca 2+ stores. The resulting rise of cytosolic free Ca 2+ was accompanied by simultaneous membrane depolarization and followed within 30-60 seconds by prolonged cytosolic alkalinization. Depolarization and cytosolic free Ca 2+ elevation were persistent in the continued presence of serotonin and were rapidly reversed by competitive receptor displacement with ketanserin or ritanserin. Depolarization is secondary to enhanced Cl~ conductance, whereas it is relatively independent of Na + , K + , and Ca 2+ fluxes. The putative Cl~ channel is regulated by Ca 2+ since ionomycin and other stimuli of cytosolic free Ca 2+ mimic the effects of serotonin on membrane potential, whereas serotonin-induced depolarization is blunted in cells pretreated with the intracellular Ca 2+ chelator BAPTA. Cytosolic alkalinization occurs in HCO 3~-free solutions resulting from enhanced activity of a Na + -H + exchanger and blocked by extracellular Na + removal or amiloride. In the presence of HCO 3~, serotonin elicits a persistent acidification, revealing simultaneous enhancement of a Na + -independent C l -HCO 3 " countertransport. These findings indicate multiple pathways for contraction and long-term functional changes induced by serotonin in mesangial cells, with potential relevance to glomerular and systemic hypertension. (Hypertension 1991;17:151-160)
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-
6 On the contrary, it is currently unclear whether 5-HT plays a role in the regulation of blood pressure through its effects on vascular smooth muscle or possibly through neural afferents to the vasculature or the kidney. 7 The antihypertensive effects of certain drugs that block 5-HT receptors have stirred interest around a possible involvement of 5-HT in essential hypertension, particularly in the elderly or in patients with atherosclerotic lesions. Slow release of 5-HT from activated platelets would account for increased vascular resistances, thus causing or contributing to systemic hypertension. 5-HT might also play a role in the progressive worsening of vascular hypertensive lesions, thus contributing to medial hypertrophy and hyperplasia. Some recent reports on the mitogenic effects of 5 -HT in cultured mesenchymal cells have in fact called attention to the potential role of this amine in vascular sclerosis. Cultured mesangial cells, a contractile, smooth muscle-like cell of the kidney glomerulus, proliferate in response to 5-HT.
1011 Glomerulosclerosis subsequent to mesangial expansion is a common end point of a variety of chronic glomerular disorders ranging from glomerulonephritis to hypertension, diabetes, and ablation of renal mass. Altered glomerular microcirculation, namely an increase of transmembrane pressure gradients, may be a common mechanism linking these disease models, resulting in mechanical damage to the glomerulus.
and promote local expansion of the mesangium, eventually leading to sclerosis. 15 The effects of 5-HT on glomerular mesangial cells have been related to stimulation of phospholipase C, with release of inositol phosphates (InsP) and diacylglycerol (DAG) from membrane phosphoinositides. Evidence for this pathway of cellular signaling includes actual measurements of InsP and DAG accumulation in metabolically labeled cultures, as well as related events, including a transient rise of cytosolic Ca 2+ ([Ca 2+ l) and phosphorylation of an acidic 80 kD substrate of protein kinase C (PKC).
11 Because Ca 2+ is released from intracellular stores by Ins (1,4,5)P 3 , which readily accumulates on exposure to 5-HT, and PKC is activated by DAG, the available evidence is consistent with a role of phospholipase C in transducing receptor occupancy by 5-HT. Stimulation of vasodilator prostaglandin synthesis by 5-HT in cultured mesangial cells, 16 another Ca 2+ /phospholipasedependent event, is suggestive of a local interplay between systems of vasoactive autocrine/paracrine agents, resulting in altered cellular behavior in glomerular disease.
In the present study, we focused our attention on the receptor subtype mediating the cytosolic signals elicited by 5-HT in cultured rat mesangial cells. We used sensitive microfluorometric techniques to identify other ionic events initiated by 5-HT, including the Ca 2+ -dependent activation of a Cl~ current that persistently depolarized the plasma membrane and enhanced cycling of Na + through specific stimulation of a plasma membrane Na + -H + exchanger.
Methods
Cell Culture
Four independent lines of cultured rat mesangial cells were used for these studies. Cultures were prepared with standard techniques from collagenasedigested glomeruli that were isolated by sequential sieving from the kidneys of four Sprague-Dawley male rats (100-150 g). 17 ' 18 Cells were characterized as described, grown to confluence and subcultured every 5-7 days.
1718 Passages 2-8 were used. Culture media were RPMI 1640 supplemented with 17% fetal bovine serum (FBS) (GIBCO, Paisley, UK), 10 Mg/ml ceftriaxone (Hoffmann-La Roche, Basel, Switzerland), and 5 ^.g/ml human recombinant insulin (Novo, Copenhagen, Denmark). Cultures were switched to serum-free, but otherwise identical, media 24 hours before the experiments.
Measurement of [Ca
]j was measured by a previously described fluorometric technique.
19
- 20 Briefly, confluent monolayers of cells grown on plastic Aclar coverslips (Allied Engineered Plastics, Pottsville, Pa.) were loaded with 1 fiM fura-2 acetoxymethylester (Molecular Probes, Eugene, Ore.) 21 for 40 minutes at 37°C in serum-free RPMI 1640 medium. The cells were incubated for an additional 20 minutes in fura-2-free medium and then maintained on ice until assayed. The coverslip was inserted diagonally into a quartz cuvette filled with 2 ml of a modified Krebs-Henseleit solution buffered with 20 mM 4-(2-hydroxyethyl)-lpiperazineethanesulfonic acid (HEPES) and supplemented with 0.2% fatty acid-free bovine serum albumin (BSA). Fluorescence was monitored continuously at 339/500 nm excitation/emission wavelengths in a Perkin-Elmer LS5B fluorometer (Perkin-Elmer Corp., Norwalk, Conn.) equipped with stirring apparatus and thermostated cuvette holder. Slits were 2.5 and 5 nm. The Ca 2+ -dependent fluorescent emission was calibrated by saturation with ionomycin followed by recording minimal fluorescence with 7.5 mM ethylene glycol bis(/3-aminoethyl ether)-N,Ar,/v",JV'-tetraacetic acid (EGTA) in the presence of 60 mM tris(hydroxymethyl)aminomethane base, pH 10. 
Measurement of Membrane Potential
Membrane potential (Em) was continuously monitored in bis-(l,3-diethylthiobarbiturate)-trimethineoxonol (bisoxonol)-equilibrated suspensions of rat mesangial cells by using a modification of previously published techniques. 22 " 26 Confluent monolayers grown in 750-ml tissue culture flasks (Becton & Dickinson, Lincoln Park, N.J.) were released from the substrates by brief trypsinization (3 minutes, 0.05% trypsin and 0.02% Na-ethylenediamine tetraacetate) (GIBCO) followed by gentle scraping in serum-free RPMI 1640 supplemented with neutralizing amounts of soybean trypsin inhibitor (1:3 trypsin/inhibitor, wt/wt) (Fluka, Buchs, Switzerland). The cells were spun for 10 minutes at 900g, and the pellet was resuspended in the appropriate experimental solutions at a final density of 2x10* cells/ml. Bisoxonol was then added to 1 ml of the cell suspension under continuous stirring in the fluorometer's cuvette, to a final concentration of 0.2 fiM. Equilibration of bisoxonol was achieved within 2-5 minutes, as indicated by stable baseline fluorescence readings at 540/580 nm excitation/emission wavelengths. Slits were 5/10 nm. Calibration of E m -dependent fluorescence was performed for each experimental session on triplicate aliquots of the cells resuspended at the same density in Na + -free solutions. As expected, addition of the monovalent cation ionophore gramicidin D (0.2 /xM) determined rapid hyperpolarization of the cells, reflected by a downward shift of the fluorescent emission. 
The fluorescence readings at various imposed E™ were used to draw a standard curve, to which recordings from experiments on aliquots of the same cell preparation were normalized. 26 All experimental solutions were isosmotic, with choline (as the chloride salt) used for replacement of Na + in Na + -free experiments and gluconate (as the Na + , K + , and Ca 2+ salts) used for Cl~ replacement.
Measurement of IntraceUular pH
Intracellular pH (pH : ) was measured by a modification of a previously described fluorometric technique. 2728 Confluent monolayers of cells grown on coverslips were loaded for 30 minutes with 3 /xM of the pH-sensitive fluoroprobe 2',7'-bis(carboxyethyl-5(6)-carboxyfluorescein (BCECF) (Molecular Probes). 29 After a 20-minute incubation in BCECFfree medium, the cells were transferred to the cuvette of the Perkin-Elmer LS5B fluorometer, filled with KHH, and maintained at 37°C under continuous stirring. For experiments in the presence of HCO 3~, the monolayers were bathed in modified KHH medium that contained 25 mM NaHCO 3 and were constantly gassed with a 95% Oj-5% CO 2 mixture to maintain a pH of 7.4. The 540 nm emission was monitored while 440 and 500 nm excitation wavelengths were automatically alternated at 5-second intervals; 2.5/5 nm slits were used for excitation/emission. The pH r sensitive emission was calibrated by normalizing fluorescence ratios to a standard curve obtained by manipulating the extracellular pH of 140 mM K + solutions in the presence of the K + /H + ionophore nigericin (5 ixg/M). Under these conditions and thus allowing for accurate calculation of pH,. 30 The 540 nm emission was corrected for autofluorescence.
Materials
All chemicals, unless otherwise indicated, were of the purest grade available from Sigma Chemical Co., St. Louis, Mo. 5-HT, ketanserin, and ritanserin were kindly provided by Janssen Farmaceutici, Rome, Italy.
Results
As previously reported,
11 5-HT stimulated a rapid rise of [Ca 2+ ]| in confluent monolayers of cultured rat mesangial cells ( Figure 1A Figure 1A ). The mechanism of action of 5-HT was linked to activation of a specific membrane receptor, since the specific 5-HT 2 receptor blockers ketanserin and ritanserin dose-dependently prevented the effects of 5-HT. At a 10-fold molar excess of the antagonists, no changes of [Ca 2+ ]: were observed in response to 5-HT, and the cells retained their normal sensitivity to the addition of arginine vasopressin (AVP) ( Figure IB ). Ketanserin and (not shown) ritanserin displayed no intrinsic agonist activity despite use at relatively elevated concentrations of 10 ^,M. When either antagonist was added at equimolar or higher concentrations immediately after stimulation of [Ca 2+ ]j by 5-HT, the return of [Ca 2+ ]j to baseline levels was markedly accelerated, implying that competitive displacement at the receptor level blocks the mechanism responsible for continued Ca 2+ elevation ( Figure 1C ). We next asked whether other ionic events occur in 5-HT-stimulated cells, resulting in perturbation of E m . The resting En, of bisoxonol-equilibrated suspensions of mesangial cells was -50.0±1.3 mV. After a brief, transient hyperpolarization, 5-HT dose-dependently depolarized the cells in 140 mM NaCl solutions, by +5.1±2.2, +11.6±1.0, and +16.8±1.2 mV at 10 nM, 100 nM, and 1 /iM 5-HT, respectively. AVP had more potent depolarizing effects on E m at comparably high concentrations ( Figure 2A , Table  1 ). Depolarization induced by both agents only partially reversed over several minutes in the continued presence of the agonists. The effects of 5-HT were abolished by pretreatment of the cells with a molar excess of the 5-HT 2 receptor antagonists ketanserin ( Figure 2B Figure 2C ). The 5-HT 2 receptor antagonists had no effect on a subsequent depolarization induced by AVP.
To study the ionic basis of membrane depolarization, we manipulated the intracellular and extracellular concentrations of the major diffusible ions: Ca 2+ , Na + , K + , and Cl". Because 5-HT may enhance the Ca 2+ conductance of the plasma membrane, cells resuspended in KHH solution containing 3 mM EGTA to chelate extracellular Ca 2+ were stimulated with 5-HT. 5-HTinduced depolarization was not modified by EGTA, suggesting that Ca 2+ influx does not account for dissipation of the transmembrane voltage gradient ( Figure  3 , Table 1 ). However, the effects of the Ca 2+ ionophore ionomycin, which potently depolarized the cells (Figure  3 ), indicated that Ca 2+ is responsible for depolarization through some other Ca 2+ -activated ion current. This response occurred both in the presence of 1.25 mM Ca , as well as in the absence of free Ca 2+ , after chelation with EGTA, thus indicating that release of internal Ca 2+ stores is sufficient to trigger depolarization ( Figure 3) . Moreover, when the cells were preincubated for 40 minutes with 100 p.M BAPTA acetoxymethylester (Molecular Probes), an intracellularly trapped Ca 2+ chelator, depolarization in response to 5-HT or AVP was abolished, and the effects of ionomycin were markedly delayed ( Figure 3 , Table 1 ). Conversely, prior depletion of intracellular Ca 2+ stores by adding 15 /xM ionomycin in 3 mM EGTA-containing medium did not prevent depolarization induced by 1 /xM 5-HT (+15.0±0.8 mV, NS versus control, n=5). Because 5-HT has no effect on [Ca 2+ l under these conditions, these experiments suggest that the amine activates other mechanisms, leading to membrane depolarization, that are parallel to or even independent of the release of Ca 2+ stores. To understand whether the effects of 5-HT on Na + conductance played any role in agonist-induced depolarization, we added 5-HT to Na + -free solutions with no appreciable difference in timing or amplitude of depolarization ( Figure 4B , Table 1 ). Depolariza- 
FIGURE 5. Representative tracings showing effects of increasing concentrations of serotonin (5-HT) on cytosolicpH (pHJ of BCECF-loaded monolayers of cultured rat mesangial cells. Composite tracings from n=5-15 experiments.
cells by +4.4±0.4 mV (n=5 each). Independent of the actual cytosolic potassium concentration ([K   + ]i), depolarization of the cells with 25 mM KCl was intended to dissipate the electrochemical gradient driving K + efflux, by bringing equilibrium potential for K + (E K ) to levels equal to or lower than E,,,. Persistent 5-HTinduced depolarization implicated another ion as the primary mechanism leading to E,,, changes. We therefore turned our attention to another Ca 2+ -regulated conductance that might theoretically support depolarization, namely Cl" channels. Cl" removal from the bathing solution significantly increased 5-HT-or AVP-induced depolarization ( Figure 4D , Table 1 ), as well as ionomycin-induced depolarization (from +30.1±5.6 to +41.0±3.3 mV, n=5, p<0.05 by oneway analysis of variance [ANOVA] ). This is consistent with facilitated Cl" efflux down a reversed outward gradient for Cl~, implicating enhanced Cl" conductance as the most likely mechanism of agonist-induced depolarization.
Stimulation of [Ca 2+ ]j and membrane depolarization were temporally followed by enhanced Na + -H + exchange activity, as indicated by pH, measurements in cells bathed in HEPES-buffered solutions. Under these conditions, 5-HT promoted in fact a brief, reversible acidification, followed by dose-dependent, persistent cytoplasmic alkalinization ( Figure 5 ). pH; responses to 5-HT were once again abrogated by pretreatment of the cells with a molar excess of the 5-HT 2 receptor blockers ketanserin and ritanserin ( Figure 6 ). The process was dependent on the presence of extracellular Na + , since alkalinization failed to occur in isotonic choline solutions ( Figure 7A) . Moreover, pretreatment of the cells for 10 minutes with 1 mM amiloride, a blocker of monovalent cation exchange, also inhibited alkalinization, even in the presence of extracellular Na + ( Figure 7B ). Taken together, these results suggest that enhanced Na + -H + antiport activity underlies the effects of 5-HT on pH,.
To further characterize stimulation of such Na + -H + exchanger by 5-HT, we studied the kinetics of Na + -dependent recovery from an acid load in the presence and absence of 1 pM 5-HT. In these experiments, the monolayers were acidified by exposure to 140 mM K + solutions of pH 6.5 in the presence of the K + -H + ionophore nigericin (5 /xg/ml). Once equilibration of pH, was attained, usually within 1-2 minutes, 5-HT or its vehicle (Na + -free KHH) was added for 2 minutes. Nigericin was then bound by adding 5 mg/ml BSA, followed by replacement of the media with solutions containing 20-140 mM Na We next evaluated the effects of 5-HT in the presence of HCO 3~/ CO2, which enable the operation of two forms of Cr-HCO 3 " exchangers in rat mesangial cells. 31 - 34 Under these conditions, 5-HT elicited a rapid, persistent decrease of pH,, without net alkalinization (Table 2) . To assess the relative contribution of C\~-HCO 3~ exchange to the pH, changes induced by 5-HT, two protocols were devised to unmask operation of these antiporters. In the first group of experiments, the cells were acidified by the NH/-NH, prepulse technique (application of 20 mM NH4CI in Na + -free solution, followed by replacement of the bathing solution with a 140 mM Na + , 25 mM HCO 3~, and 1 mM amiloride solution). This protocol resulted in an average cytosolic acidification of -0.52±0.04 pH units (n=6), from which the cells recovered within 3-5 minutes by virtue of Na + -dependent Cr-HCO 3 " exchange, in the presence of amiloride to block the Na + -H + exchanger.
31
-34 Alkalinization was inhibited by more than 75% in the nominal absence of Na + and by 1-hour pretreatment of the cells with 0.5 mM 4-acetamido-4'-isothiocyanostilbene-2,2'-disulphonate (SITS), n=4. In n=6 paired experiments on the same monolayer, addition of 1 ^.M 5-HT for 5 minutes before a second NH 4 + - NH 3 prepulse did not potentiate recovery from the acid load (Table 2 ). In a second group of paired experiments on the same monolayers, the ability of the cells to recover from alkalinization imposed by acute CT withdrawal (isosmotically replaced by gluconate) was assessed in the absence of 5-HT and then 5 minutes after stimulation of the cells with 1 M 5-HT. Average alkalinization was +0.24±0.02 pH units. Acidification occurred in all instances on returning extracellular Cl~ by Na + -independent Cl~-HCO 3 " exchange, 31 
"
34 as demonstrated by control experiments in Na + -free solutions and blockade by 0.5 mM SITS (n=4 each). 5-HT significantly potentiated the rate of recovery from the alkaline load, thus indicating selective stimulation of the Na + -independent form of this exchanger (Table 2) .
Discussion
The present studies extend the initial observation that 5-HT promotes multiple membrane events in cultured rat mesangial cells. Immediate lipid breakdown by phospholipase C yields labile intermediates, which discharge intracellular Ca 2+ stores." Phospholipase C activation is accompanied by simultaneous depolarization of the plasma membrane, as assessed in cells incubated with the fluorescent lipophilic anion bisoxonol, whose partition across the cell membrane reflects the net distribution of charges. Despite the pitfalls inherent to the use of such dye, including nonlinearity of fluorescence emission, single excitation wavelength, interference with other organic ions, use of suspensions rather than adherent cells, and inaccurate calibration, the technique appears quite useful to monitor directional changes of E^,. Substantial agreement with previous electrophysiology reports in mesangial and other cell types confirms the validity of this approach and its usefulness when precise quantitation of ion currents is not criti- , and Cl~, whose gradients across the plasma membrane determine its net electric charge. These studies unequivocally demonstrate that 5-HTinduced depolarization of the cells is not affected by Na + removal from the bathing solution. The experiments with EGTA, a chelator of extracellular Ca 2+ , indicate that Ca 2+ influx through putative plasma membrane channels is not required for depolarization. Direct fluorometric measurements show that 15-30 seconds after application of 5-HT, [Ca 2+ l is set at about 150-200 nM. A net increment of 50-100 nM Ca 2+ over resting levels would not support persistent depolarization. However, the data with the Ca 2+ ionophore ionomycin demonstrate that the release of [Ca 2+ J from intracellular stores is sufficient to initiate depolarization. Although the initial [Ca 2+ l increment brought about by ionomycin could theoretically reach levels compatible with electrophysiological changes, persistent depolarization requires sustained perturbation of transmembrane ion balance. We therefore turned our attention to Ca 
